Context: Vitamin D is essential for bone health in adolescence, where there is rapid bone mineral content accrual. As cutaneous sun-exposure provides vitamin D, there is no recommended oral intake
Introduction
Vitamin D regulates calcium absorption and bone mineralization and is essential for bone health.
Vitamin D deficiency, a circulating 25-hydroxyvitamin D (25OHD) concentration of <10 ng/mL (25 nmol/L) (1, 2), can cause rickets in children and osteomalacia in adolescents and adults. Higher levels are desirable, with <20 ng/mL (50 nmol/L) regarded insufficient by several authorities (3-5) due to association with sub-optimal musculoskeletal health (6). Maintaining vitamin D status is particularly important during adolescence, a critical time for bone development, with ~one-third of adult peak bone mineral content (BMC) accrued during the pubertal growth spurt (7, 8). Current UK national guidance on vitamin D acquisition assumes those aged 4-64 years gain their vitamin D requirements from sunlight alone, thus there is no recommended nutrient intake (1). Short, regular exposures to summer sunlight containing the requisite UVB are considered to avoid vitamin D deficiency (10). However, excessive UV radiation (UVR) exposure is the principal external cause of most skin cancers, with childhood sunburn a risk factor for later development of melanoma (11).
Thus, recommendations to protect children include limiting sun-exposure between 11am-3pm, wearing covering clothing and sunscreen (12). Meanwhile, substantial proportions of the global population, including the UK, are reported to have low vitamin D status (9, 13), and rickets has returned as a clinical concern (14) .
The cross-sectional National Diet and Nutrition Survey (NDNS) of the UK white population indicated that in 1997-1998, 10% blood samples of 11-14 year olds had 25OHD <10 ng/mL and 40% <20 ng/mL, all seasons combined (15) . Adolescents appeared at greater risk of low vitamin D status than younger children, with amount of outdoor exercise a contributor (16) . A more recent mixed-ethnicity study found 73% of 51 female adolescents (37 non-white) had 25OHD <12 ng/mL (17) . These studies indicate the need for more detailed, longitudinal appraisal of vitamin D status and contributory factors in adolescents. The aim of this study was to determine vitamin D status throughout the year, influence of personal sun-exposure and dietary vitamin D intake in white adolescents, and to examine bone health parameters in those found vitamin D deficient in one or more seasons.
Materials and Methods

Study design and subjects
A single-centre, prospective cohort study in healthy, ambulant white Caucasian (sun-reactive skin type I-IV) (18) adolescents, 12-15 years. History of photosensitivity was an exclusion criterion.
Subjects were recruited through five fee-paying schools and one free (state) school in Greater Manchester, UK. In January, April, June and September 2011, blood samples were taken for 25OHD, personal sun-exposure and ambient UVB levels were evaluated, and dietary vitamin D estimated.
Adolescents with vitamin D deficiency underwent bone assessment between June-September 2012.
Ethical approval was obtained (North Manchester Research Ethics Committee, 10/H1008/58) and volunteers gave written informed consent. The study was performed according to Declaration of Helsinki principles.
Serum 25OHD and biochemical analyses
Serum was stored at -20 o C until study completion. Concentrations of 25OHD were determined by liquid chromatography tandem mass spectrometry (LC-MS/MS) using an ABSciex 5500 tandem mass spectrometer (Warrington, UK) and the Chromsystems (Munich, Germany) 25OHD kit for LC-MS/MS, following the manufacturers' instructions (intra-and inter-assay CV 3.7% and 4.8% respectively (20) . Diary days were excluded from analyses if not completed.
Bone assessments
Dual-energy X-ray absorptiometry (DXA) scans of lumbar spine (LS) and proximal femur were 
Statistical analysis
A sample of n=100 permitted assessment of population SD with adequate precision (27) , and gave 80% power (0.05α) to detect correlations >0.3 between 25OHD level and sun-exposure variables.
Recruitment of n=125 allowed for 20% drop-out. Post-hoc comparisons were made between males versus females and fee-paying versus state schools using Mann-Whitney test, and within-season weekday versus weekend UVR exposure and time outdoors by Wilcoxon signed-rank test, without adjustment for multiple testing. Multiple linear regression explored associations between late-summer peak 25OHD and demographic and behavioral characteristics; models first assessed how much 25OHD variation demographic factors could explain, following which behavioral factors were added.
Sun-exposure, 25OHD and BMI data were log-transformed to linearize relationships and stabilize variance. Proportion of explained variance was quantified by reduction in R 2 as behavioral variables
were removed from the model. To reduce 'overfitting', variables were selected based on substantive interest and previous multivariable analyses of other cohorts (9). Analyses were performed on available-case basis and assumed no systematic differences between subjects with complete and missing data, beyond those accounted for by factors included in the model.
Results
The study population comprised 131 adolescents. Three withdrew after the first data collection period and six after the second. Seventy-five adolescents provided blood samples in four seasons, 38 in three, 11 in two and 7 in one season. Dietary log return was 71-88% across seasons (88-97% complete);
sun-exposure diary return was 72-91% (84-95% complete); badge return was 61-71% for weekday (93-99% complete i.e. worn 5 days) and 52-76% for weekend (96-100% complete i.e. worn 2 days).
Baseline characteristics are shown in Table 1 . Baseline serum biochemistry showed no substantive abnormalities.
Circulating 25OHD levels showed a seasonal cycle ( Figure 1A ), mean (SD) 25OHD reaching a September peak of 24.1 (6.9) ng/mL where 28% and 3% adolescents had levels <20 and <10 ng/mL, respectively ( Figure 1B) . Mean 25OHD at January trough was 15.5 (5.9) ng/mL, with 74% and 17%
at <20 and <10 ng/mL respectively. In total, 21 adolescents had 25OHD <10 ng/mL: 2 year-round, 2
in three seasons, 6 in two seasons and 11 in one season; only 4 adolescents in this sub-group achieved 25OHD ≥20ng/mL during the year (June/September). For males, mean 25OHD was 23.9 (7.2) and 14.7 (5.5) ng/mL in September and January, and for females 24.3 (6.7) and 16.3 (6.1) ng/mL respectively, with no significant between-sex difference in levels or %subjects <20 or <10 ng/mL.
Mean (SD) PTH in January and September was 45 (16) and 41 (16) pg/mL, respectively.
Median personal UVR dose assessed through polysulphone badges followed seasonal ambient UVR, and showed higher exposure was acquired across the school-week than the weekend ( Figure 1C ).
Total UVR dose over seven days correlated with 25OHD in June (Spearman ρ=0.31; P=0.02; n=59)
and not in other seasons. Median personal UVR/day was lower on weekend-days than preceding weekdays in all seasons, with males receiving higher UVR doses/day on weekdays in June and September than females (P<0.001; data not shown).
In their diaries, adolescents recorded a similar total time/day outdoors on the weekends and weekdays, such that the school-week contributed more than the weekend to total time/week outdoors (Table 2, Figure 2A , 2B). Overall, the longest periods of time outdoors were in June, the month with most daylight hours and ambient UVB, males spending more time outdoors than females (Table 2) . Time recorded outdoors/day between 10:00-15:00h was lower on weekdays, where dictated by the schoolday routine, than on weekend-days in all seasons (all P<0.001).
Males exposed less %skin surface area on weekdays than weekends in all seasons, attributable to more covering school uniform, while females exposed similar skin surface area at weekdays and weekends (Table 2) . Head garments (comprising hats and caps) were worn infrequently.
Remarkably, no adolescents reported wearing dedicated sunscreen products in any season in the UK.
No males and few females used SPF-containing face-cream once/more during the reporting periods:
six (6%), nine (9%), ten (11%) and nine (8%) adolescents in June, September, January and April, respectively.
The majority (86%) of adolescents reported a holiday on ≥1 occasion during the study, most frequently at European locations, latitudes 41-50 o N, during July-August (Supplemental Table 1 ).
Their mean 25OHD was 24.8 (6.3) and 15.9 (5.7) ng/mL in September and January, respectively, compared with 18.5 (8.9) and 12.7 (6.7) in those not taking a holiday.
Estimated dietary vitamin D was low with no seasonal difference. Median (IQR) vitamin D intake for January, April, June and September was 2.1 (1.3-3.4), 1.9 (1.1-3.3), 1.7 (1.0-2.7) and 1. Multiple linear regression showed demographic factors explained very little (R 2 =0.07) of variation in September 25OHD, no individual factor being a significant predictor (Table 3) . Addition of behavioral factors substantially increased the variation in September 25OHD explained by the model (R 2 =0.33; Table 3 ). Taking a holiday at any time during the year explained 17% variation, accounting for approximately half the predictive value of the model.
Bone densitometry data for the 19 vitamin D deficient adolescents (10 male) completing bone assessments are expressed as SD (Z) scores, calculated using Manchester ethnicity-specific, sex-and age-matched reference data for DXA (21) and pQCT (24) (Figure 3 ). The group's mean Z score of -0.8 for FN BMAD was significantly lower than the reference population (P=0.0002). Mean LS BMAD Z score was -0.2 and LS BMAD was categorized as normal in all but one adolescent whose measurement was reduced (Z score ≤ -2.0) while the FN BMAD Z score was ≥ -2.0 in all adolescents.
The distal radius mean vBMD Z score of -0.4 for trabecular bone was the same as for total bone.
Three males had reduced (Z score ≤ -2.0) trabecular vBMD, one of whom also had reduced total vBMD (and reduced LS BMAD).
Discussion
We have addressed a knowledge gap regarding longitudinal vitamin D status and personal sunexposure levels in adolescence. A clear seasonal pattern was seen in circulating 25OHD in white adolescents at mid-UK latitude (equivalent to Edmonton, Canada; Hamburg, Germany), with highest mean concentration (24.1 ng/mL) at end-summer, followed by early summer, reflecting the higher personal UVR exposure observed in summer and spring, respectively ( Figure 1A, 1C) . A key finding was the remarkably high prevalence of vitamin D deficiency in this white cohort, 16% adolescents demonstrating 25OHD <10 ng/mL in at least one season. Moreover, 28% and 74% adolescents failed to reach the desirable 20 ng/mL level at the general summer-peak and winter-trough, respectively.
Previous UK studies reporting 10% (15) and 2.9% (27) of white adolescents with 25OHD <10 ng/mL examined 25OHD on a single occasion. Our study highlights the value of repeated, seasonal, measures, and shows a greater than anticipated potential for sub-optimal bone health revealed in this age-group.
We found dietary vitamin D did not contribute to seasonal vitamin D status change, median intake across seasons being low and constant at 1.7-2.1 µg/day. This low intake is consistent with the 1.7
µg/day reported for a similar age-group in Northern Ireland, UK (28) and the lower-end of the range reported in Europe (29) . This is lower than the 5 µg/day recommended by the World Health Organization (30) and the 2.7-4.2 µg/day across seasons found in white adults who were studied under identical protocols to the current study, in Greater Manchester (9). Vitamin D supplement use was low and irregular with very few adolescents taking them in all seasons, although a gender difference was noted, with 22/27 taking supplements being female.
Personal sun-exposure levels assessed through both measurement of polysulphone badge UVR dose and diaries recording time outdoors, highlighted the greater contribution of the school-week relative to the weekend ( Figures 1C, 2A) . A pattern of higher badge UVR dose/day was seen according to season, and also on weekdays compared with weekend-days in all seasons. Weekend dose showed a greater variability than weekday, reflecting school-day regularity. Adolescents' diaries indicated that the higher badge UVR dose/day on weekdays compared to weekend-days was not due to longer recorded time spent outdoors (total time or 10:00-15:00h). Future studies could explore whether this relates to greater use of shaded outdoor space on weekends, such as town centres with tall buildings.
Compliance with badge-wearing may also contribute, through enhanced supervision on school days.
Previous data on personal sun-exposure of adolescents at northerly latitudes are sparse, with one available study in the UK; this assessed 14-15 year olds (n=86) across April-July 1994 and revealed their lower exposure levels relative to younger children (31, 32) . Median times outdoors for adolescents were 99 and 90 minutes/day on weekdays and weekends, thus by comparison with our data (Table 2) Since total sun-exposure received during the school-week is greater than at weekends, school activity timetabling and sun protection policy can have major impact on vitamin D status in adolescents.
Interestingly, in our cohort state school adolescents demonstrated higher UVR doses and longer time outdoors on weekdays than private school adolescents, which may reflect differences in school activities/conditions. Overall, males spent more time outdoors than females, although their weekday uniform covered a higher skin surface area (Table 2) , and a similar vitamin D status was seen.
Approximately one-third of the observed variation in peak (September) 25OHD was accounted for with the factors included in the multivariable regression model. Holiday-taking dominated as a predictor of peak level, accounting for 17% of the variation in the sample. We estimate that a participant taking a holiday had 1.8x the peak 25OHD, on average, of a participant who did not. In contrast, the school day routine and uniform of the adolescents during weekdays produced an overall low variation in sun-exposure behavior in this UK sample, which may explain why these parameters weren't explanatory in the model.
Subclinical vitamin D deficiency may adversely affect bone mineralization in adolescents, due to high percentage BMC accrual at this life-stage (8). Peak bone mass is also considered an important determinant of osteoporotic fracture risk in later life (7). Female adolescents with low 25OHD (≤16 or ≤18.5 ng/mL) are reported to have lower distal radius areal BMD than those with higher 25OHD (>16 or 29.6 ng/mL respectively) (6, 34), with no difference for males (6). Our wider assessment of bone health in seasonal vitamin D deficiency (25OHD <10 ng/mL) contributes evidence that bone mineralization is sub-optimal in low vitamin D status adolescents. We found a small proportion of these deficient adolescents had clinically significantly reduced BMD (either BMAD or vBMD; Z score < -2.0), while the sub-group as a whole had significantly lower FN BMAD scores than the BMAD adjusts for bone thickness by calculating volumetric density and is a more appropriate measurement in this age-group (22, 23). Moreover, Z scores were calculated by comparison to large local reference datasets for DXA and pQCT, avoiding incorrect classification of individuals as having low bone density for their age (21, 24) . Limitations include behavioral assessments in 1-week snap-shots per season for reasons of compliance, sparse detail on outdoor activities due to overall intensity of assessments, and absent bone densitometry data for the whole cohort. The P-values presented in this manuscript are nominal owing to the large number of comparisons available.
In conclusion, a high percentage of this UK white adolescent sample had serum 25OHD falling below the 20 ng/mL sufficiency level and even into deficiency (<10 ng/mL). † change in the proportion of variance explained by the model when the behavioral factor is removed. 
